Gagliano and Renton BMC Ecology 2013, 13:19 
http://www.biomedcentral.eom/1472-6785/1 3/1 9 



RESEARCH ARTICLE Open Access 



Love thy neighbour: facilitation through an 
alternative signalling modality in plants 

Monica Gagliano 1 " and Michael Renton 2 



Abstract 

Background: Both competitive and facilitative interactions between species play a fundamental role in shaping 
natural communities. A recent study showed that competitive interactions between plants can be mediated by 
some alternative signalling channel, extending beyond those channels studied so far (i.e. chemicals, contact and 
light). Here, we tested whether such alternative pathway also enables facilitative interactions between neighbouring 
plant species. Specifically, we examined whether the presence of a 'good' neighbouring plant like basil positively 
influenced the germination of chilli seeds when all known signals were blocked. For this purpose, we used a 
custom-designed experimental set-up that prevented above- and below-ground contact and blocked chemical and 
light-mediated signals normally exchange by plants. 

Results: We found that seed germination was positively enhanced by the presence of a 'good' neighbour, even 
when the known signalling modalities were blocked, indicating that light, touch or chemical signals may not be 
indispensible for different plant species to sense each other's presence. 

Conclusions: We propose that this alternative signalling modality operates as a general indicator of the presence 
of heterospecifics, enabling seeds to detect and identify a neighbour prior to engaging in a more finely-tuned, but 
potentially more costly, response. 
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Background 

The notion that neighbouring species negatively impact 
on one another through competitive interactions has 
long been the key component of many classic ecological 
theories and is still the prevailing view amongst plant 
ecologists. Naturally, plant neighbour relationships take 
several forms. While there is no doubt that competition 
plays a fundamental role in shaping plant communities, 
it has become increasingly recognised that facilitative or 
positive interactions are also ubiquitous [1] and the in- 
fluence of facilitation is equally important in regulating 
the composition and diversity of communities [2-4]. In- 
deed, many plants are very good companions and liter- 
ally facilitate each other [5,6] by improving growth [7], 
fixing nitrogen [8], nurse cropping [9], controlling pests 
[10] or attracting beneficial organisms such as insects 
[11] or mycorrhizae [12,13]. 
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Much of our current understanding of the mecha- 
nisms underlying these facilitative interactions amongst 
plants has been primarily focused on the effects of light 
(and shade), chemical signalling or physical proximity 
and contact. For example, we know that the shade of 
perennial canopies may benefit young seedlings and smal- 
ler species by protecting them from temperature extremes 
and excessive water loss, and providing favourable soil 
texture and chemistry [14]. And analogously to animal 
systems such as the case of small abalone juveniles finding 
shelter amidst the spines of adult sea urchins, some plants 
associate with benefactor species that can physically pro- 
tect them from predation by virtue of their spine-covered 
stems [15]. Furthermore, the recent literature is replete 
with examples of plants associating with benefactor spe- 
cies that protect them through visual or olfactory conceal- 
ment by interfering with the ability of an herbivore to find 
and feed on them [16]. In all of these examples of facilita- 
tion, the mechanism through which the benefit is con- 
ferred from one plant to another is relatively clear and 
mediated through recognised pathways. 
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In a recent study, we demonstrated that plants are able 
to sense and/or affect their neighbours and using some 
alternative pathway(s) beyond light, chemical signals 
or physical contact [17]. Specifically, we showed that 
seeds and seedlings of chilli plants (Capsicum annuum, 
Solanaceae) are able to discriminate between the pre- 
sence of an adult conspecific and a fennel plant, known 
anecdotally to negatively impact on the growth of neigh- 
bouring plants through aggressive competitive interactions 
and hence purposely chosen as the 'bad neighbour'. Spe- 
cifically, the volatile chemicals of fennel hindered the ger- 
mination rate of chilli seeds; however germination rate of 
chilli was accelerated in treatments where fennel was 
present but its signals were partially or totally blocked. 
This demonstrated that plants were able to sense their 
neighbours even when all known communication chan- 
nels are blocked (i.e. light, chemicals and touch) and most 
importantly, recognise the potential for the interfering 
presence of a 'bad neighbour' and modify their growth ac- 
cordingly. The question remains open, though, whether 
such alternative means of communication occur amongst 
'good neighbours'. By adopting the same experimental de- 
sign described in [17], we tested whether the presence of a 
'good' neighbouring plant could positively influence ger- 
mination rates of chilli seeds when all known signals are 
blocked (Figure 1). For this purpose, we chose the Basil 
plant (Ocimum basilicum, Lamiaceae), because of its well- 
known capacity to produce a large number of secondary 
and organic volatiles inhibiting germination and root 
growth of common competitive weeds (e.g. barnyardgrass 
and lambsquarters; [18]) and functioning as effective 



natural insecticides (reviewed in [19]). Besides, gardeners 
commonly regard it as the ideal companion to chilli plants 
by virtue of its ability to keep the soil moist and act as or- 
ganic living mulch. Hence, we wanted to test whether the 
presence of basil would positively enhance germination 
rates of chilli seeds, both when open contact was allowed 
and when all known signals were totally blocked. We 
found that this is the case, indicating that both competi- 
tive and facilitative interactions between plants are medi- 
ated by signalling modalities that remain to be identified. 

Results 

For the Basil neighbour experiment, there was an over- 
all difference between treatments (p < 0.05; Figure 2A 
and Additional file 1: Table SI). Germination in the 
MASKED and the OPEN treatment was greater than in 
the CONTROL treatment (p = 0.011), and germination 
in the MASKED treatment did not differ significantly 
from the OPEN treatment (p = 0.21). Germination also 
varied significantly over time (p < 0.0001), with generally 
low rates in the absence of a neighbouring plant. 

In the Chilli neighbour experiment, there was an over- 
all difference between treatments (p = 0.041; Figure 2B 
and Additional file 1: Table S2). Germination in the 
MASKED was not significantly different to that in the 
CONTROL treatment (p = 0.90) but germination in the 
OPEN treatment was greater than in the CONTROL 
treatment (p =0.011). Germination also varied signifi- 
cantly over time (p<0.0001), with generally low rates in 
the absence of a neighbouring plant. 




Figure 1 Diagram illustrating the custom-designed experimental unit (not in scale). (A) Chilli seeds were arranged in a circle around the 
adult plant sealed the central cylindrical box. (B) All seeds and adult plants within each unit were housed within 2 different sized square boxes, 
one inside the other, with the air in between the two boxes removed using a vacuum pump. This schematic representation has been adapted 
from [17]. 
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Figure 2 Effects of the presence of a neighbouring (A) basil and (B) chilli plant on the percentage of chilli seeds germinating over 
time. The median, inter-quartile range and 5-95 percentiles are represented by the middle bar, the top and bottom of box and the whiskers 
respectively. The mean is also represented by the small '+' symbol. 



Discussion 

The presence of basil positively enhanced germination 
rates of chilli seeds, validating the claims of many gar- 
deners who recognise the beneficial effect of basil on the 
growth of chilli plants. Interestingly, this was true even 
when all known signals from the basil were blocked, in- 
dicating that the facilitative interaction observed bet- 
ween these two species is mediated through a signalling 
modality other than those studied thus far (i.e. light, 
chemicals and touch). Most importantly, the fact that 
germination of chilli seeds did not differ between the 
MASKED and OPEN treatment indicates that light, 
touch or chemical signals may be important but clearly 
not necessary for chilli seeds and basil plants to sense 
each others presence. The observed differences in ger- 
mination between treatments were relatively small, but 
even small differences in germination are likely to have 
significant effects on competitiveness and thus on fit- 
ness. In fact, carryover effects associated with different 
germination responses to the surrounding environment 
can be responsible for a large amount of the variation in 
growth and reproductive performance among older indi- 
viduals (e.g. [20]). Over multiple generations, such differ- 
ences in competitiveness and relative fitness resulting 
from small differences in germination will have increas- 
ing cumulative effects on selection. From an evolutio- 
nary perspective, it could also be argued that there is 
likely to be some adaptive competitive advantage to 
these responses, for them to have evolved in the first 
place. Overall, our findings highlight the existence and 
importance of alternative signalling modalities in plants 
and invites further investigation on the generality and 
ecological role of this phenomenon. 

Intriguingly, chilli seeds in the Chilli neighbour expe- 
riment did not appear to discriminate between the con- 
trol and the presence of an adult conspecific when this 



was masked, but did so in the OPEN treatment when 
light and chemical signals, for example, were accessible. 
These findings are particularly significant for two rea- 
sons. Firstly, they demonstrate that signalling mediated 
by chemicals and light is an important modality amongst 
conspecifics. But most notably, they indicate that the 
alternative signalling channel, which does not rely on 
light, chemicals or touch is particularly important when 
the neighbouring plant is not a conspecific. Because the 
presence and specific identity of neighbours influence 
germination timing and success, the existence of an 
adaptive mechanism that allows a plant to detect its 
neighbours (and potentially its forthcoming competitive 
environment), and hence to regulate its developmental 
responses accordingly at the very onset of its life (i.e. 
seed stage) is clearly advantageous. By operating as a 
general indicator of the presence of a heterospecific, this 
signalling modality may indeed be such a strategy enab- 
ling seeds to detect the presence of a neighbour prior to 
engaging into a more fine-tuned response (which may 
be energetically expensive; e.g. accelerate growth) tai- 
lored to the specific identity of the neighbour (i.e. friend 
or foe; see also [21]). 

Conclusions 

Previous authors have pointed out that facilitation can 
be an important interaction and one that has not re- 
ceived enough attention from ecologists. We further de- 
monstrate the importance of facilitation between plant 
species and most interestingly, we provide the first evi- 
dence for facilitation occurring via novel communication 
means other than the established pathways that have 
already been elucidated. While no mechanistic expla- 
nation of how plants may perform the observed feat is 
available yet (but see [22]), it is becoming clearer that 
some of the underlying conditions required for such a 



Gagliano and Renton BMC Ecology 2013, 13:19 
http://www.biomedcentral.eom/1472-6785/1 3/1 9 



Page 4 of 6 



channel to function as described here include the emis- 
sion of a signal that not only propagates rapidly to con- 
vey real-time information about neighbouring plants but 
also can be analyzed quickly. We have previously sug- 
gested that acoustic signals may offer such a mechanism 
for mediating plant-plant relationships [23] and pro- 
posed that the such signals may be generated in plants 
by biochemical processes within the cell, where nanome- 
chanical oscillations of various components in the cyto- 
skeleton can produce a spectrum of vibrations [24]. The 
present findings further support the hypothesis of acous- 
tic communication, and hence extends our understanding 
on how plants may employ this modality to selectively 
mediate facilitative as well as competitive interactions with 
surrounding heterospecific neighbours. 

Methods 

During March- April 2011, chilli seeds (Capsicum an- 
nuum) were used for 2 experimental germination tests 
conducted at the Plant Growth Facilities at the University 
of Western Australia. In the first experiment (i.e. Basil 
neighbour experiment), 3600 chilli seeds were randomly 
apportioned among 3 treatments, each replicated 4 times 
and kept randomly interspersed throughout a 5.30 m 2 
Controlled Environment Room (CER) fitted with high- 
intensity discharge lamps (standard metal halide sup- 
plemented with halogen; 650 (imol of photons s" 1 m" 2 
photosynthetic active radiation). The experimental units 
consisted of a group of 12 petri dishes, each one con- 
taining 25 seeds, which were sandwiched between layers 
of 2 mm thick felt to retain moisture and ensure darkness. 
Petri dishes were arranged at c.8 cm from each other and 
placed in a circle around an adult O. basilicum plant posi- 
tioned in the centre of the experimental unit (see Figure 1 
and detailed description in [17]). Specifically, the O. 
basilicum plant was either left open to allow both light 
and chemical communication to take place [OPEN treat- 
ment] or sealed in a central cylindrical box covered in 
black plastic to block all light wavelengths and airborne 
chemical signals (i.e. no volatile or water-soluble che- 
micals from any adult plants could affect seed germina- 
tion) [MASKED treatment]. The CONTROL treatment 
consisted of seeds arranged around the central cylindrical 
box, which was left empty but covered in black plastic to 
account for any effects of the colour of this shield itself. 

All seeds and adult plants within a replicate unit 
were then housed within 2 different sized square boxes 
(44x44x50 cm & 32x32x45 cm respectively), one inside 
the other, with the air in between the two boxes re- 
moved using a pump to create a vacuum and thus avoid 
interference between adjacent experimental units at any 
time. The whole experimental unit was custom-made in 
colourless cast acrylic material (Moden Glas), which 
transmitted 92% of visible light, but was opaque to 



ultraviolet and infrared wavelengths (Figure 1; as per 
[17]). Each day, all experimental units were randomly 
re-interspersed throughout the growth room to avoid 
any potential artefacts due to their position in the room. 
Similarly each day, individual petri dishes within each 
unit were randomly re-arranged in the circular configur- 
ation around the central box to avoid any potential 
confounding effects of their position within the experi- 
mental unit. Using an U12-011 - HOBO® Temperature/ 
RH Data Logger, we recorded the temperature within 
the experimental units over 24 h for 25 consecutive days 
to ensure that any difference in seed germination mea- 
sured between treatments was not due to differences in 
the temperature inside the boxes caused by the presence 
or absence of adult plants (No difference between tem- 
perature profiles across treatments over time; Repeated- 
measure ANOVA, F 46> 115 = 1.11, P = 0.32). Seeds were 
kept at 18°C during the day, 13°C over night and under 
a 12 h light: 12 h dark cycle. Seeds were inspected and 
watered every 24 hrs. To avoid any potential atmos- 
pheric exchange of volatiles that could have interfered 
with our measurements, each experimental unit was 
transferred one at a time to a separate room where the 2 
external square boxes were opened; all petri dishes were 
then removed and inspected, while the rest of the unit 
(including the base and the central cylindrical box) was 
taken outdoors and opened. This procedure was con- 
ducted to aerate the adult plants sealed in the box, but 
was done for all units (i.e. with or without plant in the 
central cylindrical box). Germination rates in each treat- 
ment were monitored and recorded every other day for 
12 days, after which the number of germinating seeds 
reached an asymptote. 

The same experimental design described above was 
then repeated by substituting the basil plants with adult 
chilli plants (i.e. Chilli neighbour experiment). This ex- 
periment was conducted as a control benchmark to 
enable us to distinguish the possible positive effect of 
growing next to an adult conspecific from the effect of a 
potentially beneficial heterospecific. 

All statistical analyses were carried out in R using bino- 
mial generalised linear mixed effects models (GLMMs) 
with the base package and the lme4 package [25,26] . Bino- 
mial generalized linear models were used as they are the 
most valid means of dealing with binomial data, such as 
germination data, and the mixed effects versions of the 
models were employed as they are the most valid and 
powerful means of dealing with a design such as ours, 
which had nesting (Petri dishes within containers) and re- 
peated measures over time [27]. A separate but similar 
analysis was conducted for each of the two experiments, 
based on standard step-wise model simplification [27]. 
First, a full model was fitted to the data. This contained 
fixed effects for treatment, time and their interaction, 



Gagliano and Renton BMC Ecology 2013, 13:19 
http://www.biomedcentral.eom/1472-6785/1 3/1 9 



Page 5 of 6 



constant random effect for experimental container and 
Petri dish nested within experimental container, and con- 
tinuous random time effects for experimental container 
and Petri dish nested within experimental container. This 
full model was then sequentially simplified, step-by-step, 
in the standard way [27]. At each step, a simplified model 
with one term dropped from the previous best model was 
compared to the previous best model using both Akaike s 
Information Criterion (AIC) and a likelihood ratio chi- 
squared test. AIC values were computed for each of the 
candidate models and the model with the lowest AIC 
value was selected as the best model of the observed data 
in the standard way [28]. The likelihood ratio chi-squared 
test produced a p-value indicating whether the simpler 
model was significantly worse than the previous model; 
this provided a second test to support the AIC compari- 
son and also provided p-values for significance of model 
terms. The random effects accounted for the possibility 
that seeds were affected by some conditions particular to 
their dish and/or container, and were thus not truly inde- 
pendent replicates. They also accounted for temporal cor- 
relation produced by measuring the same unit over time. 
The significance of dish and container random effects was 
tested first; if significant then we included them in subse- 
quent models to fully account for any possible pseudo- 
replication. If these tests indicated an overall difference 
between treatments, we then tested for differences bet- 
ween the three treatments. This was done by pooling the 
two most similar treatments, and testing whether this 
simplified model was better than the model with all treat- 
ments differentiated. Pooling was continued until all 
remaining differences were significant. For more specifics 
on the analysis, see Additional file 1: Table SI and S2. 

Additional file 



Additional file 1: Table SI. Results of statistical analysis of basil 
germination data & Table S2. Results of statistical analysis of chilli 
germination data. Each step in the analyses is shown separately, starting 
with the maximal model, and showing how the model was simplified 
step by step. 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

Both authors contributed to the design and development of the ideas 
within the study. MG conducted the study and MR ran the statistical 
analyses. MG wrote the manuscript and MR participated in the preparation 
of the manuscript. Both authors have read and approved this manuscript. 



Acknowledgements 

We thank Robert Creasy, Nili Duvdevani and Martial Depczynski for their 
assistance, and 2 anonymous reviewers for constructive comments on the 
manuscript. MG was supported by Research Fellowships from the University 
of Western Australia and the Australian Research Council (ARC). 



Author details 

Centre for Evolutionary Biology, School of Animal Biology, University of 
Western Australia, Crawley, WA 6009, Australia. 2 School of Plant Biology, 
University of Western Australia, Crawley, WA 6009, Australia. 

Received: 7 January 2013 Accepted: 16 April 2013 
Published: 7 May 2013 

References 

1. Valiente-Banuet A, Rumebe AV, Verdu M, Callaway RM: Modern Quaternary 
plant lineages promote diversity through facilitation of ancient Tertiary 
lineages. Proc Natl Acad Sci USA 2006, 1 03:1 681 2-1 681 7. 

2. Brooker RW: Plant-plant interactions and environmental change. New 

Phytol 2006, 171:271-284. 

3. Callaway RM: Positive interactions and interdependence in plant communities. 
Dordrecht, The Netherlands: Springer; 2007. 

4. Brooker RW, Maestre FT, Callaway RM, Lortie CL, Cavieres LA, Kunstler G, 
Liancourt P, Tielborger K, Travis JMJ, Anthelme F, Armas C, Coll L, Corcket E, 
Delzon S, Forey E, Kikvidze Z, Olofsson J, Pugnaire F, Quiroz CL, Saccone P, 
Schiffers K, Seifan M, Touzard B, Michalet R: Facilitation in plant 
communities: the past, the present, and the future. J Ecol 2008, 96:18-34. 

5. Callaway RM: Positive interactions among plants. Bot Rev 1 995, 61 :306-349. 

6. Bruno JF: Inclusion of facilitation into ecological theory. Trends Ecol Evol 
2003, 18:119-125. 

7. Plath M, Mody K, Potvin C, Dorn S: Do multipurpose companion trees 
affect high value timber trees in a silvopastoral plantation system? 
Agroforest Syst 201 1 , 81 :79-92. 

8. Fustec J, Lesuffleur F, Mahieu S, Cliquet J-B: Nitrogen rhizodeposition of 
legumes. A review. Agron Sustain Dev 2010, 30:57-66. 

9. Liphadzi KB, Reinhardt CF: Using companion plants to assist Pinus patula 
establishment on former agricultural lands. 5 Afr J Bot 2006, 72:403-408. 

10. Morley K, Finch S, Collier RH: Companion planting - behaviour of the 
cabbage root fly on host plants and non-host plants. Entomol Exp Appl 
2005, 2005(1 17):1 5-25. 

11. Landis DA: Habitat management to conserve natural enemies of 
arthropod pests in agriculture. Annu Rev Entomol 2000, 45:175-201. 

12. Casanova-Katny MA, Torres-Mellado GA, Palfner G, Cavieres LA: The best for 
the guest: high Andean nurse cushions of Azorella madreporica enhance 
arbuscular mycorrhizal status in associated plant species. Mycorrhiza 
2011,21:613-622. 

13. Montesinos-Navarro A, Segarra-Moragues JG, Valiente-Banuet A, Verdu M: 
Plant facilitation occurs between species differing in their associated 
arbuscular mycorrhizal fungi. New Phytol 2012, 201 2(1 96):835-844. 

14. Rodriguez-Garcia E, Ordonez C, Bravo F: Effects of shrub and canopy cover 
on the relative growth rate of Pinus pinaster Ait. seedlings of different 
sizes. Ann For Sci 201 1 , 68:337-346. 

15. Milchunas DG, Noy-Meir I: Grazing refuges, external avoidance of 
herbivory and plant diversity. Oikos 2002, 99:1 13-130. 

16. Barbosa P, Hines J, Kaplan I, Martinson H, Szczepaniec A, Szendrei Z: 
Associational resistance and associational susceptibility: having right or 
wrong neighbors. Ann Rev Ecol Syst 2009, 40:1-20. 

1 7. Gagliano M, Renton M, Duvdevani N, Timmins M, Mancuso S: Out of sight 
but not out of mind: alternative means of communication in plants. 
PLoS One 2012, 7(5):e37382. 

18. Vasilakoglou I, Dhima K, Wogiatzi E, Eleftherohorinos I, Lithourgidis A: 
Herbicidal potential of essential oils of oregano or marjoram {Origanum 
spp.) and basil {Ocimum basilicum) on Echinochloa crus-galli (L.) P. Beauv. 
and Chenopodium album L. weeds. Allelopathy J 2007, 20:297-306. 

19. Regnault-Roger C, Vincent C, Arnason JT: Essential oils in insect 
control: low-risk products in a high-stakes world. Annu Rev Entomol 
2012, 57:405-424. 

20. Aragon CF, Mendez M, Escudero A: Linkages among life-history 
components through time: carryover effects on the demography of a 
short-lived polycarpic plant. Am J Bot 2010, 97:1492-1497. 

21. de Wit M, Kegge W, Evers JB, Vergeer-van Eijk MH, Gankema P, 
Voesenek LACJ, Pierik R: Plant neighbour detection through touching 
leaf tips precedes phytochrome signals. Proc Natl Acad Sci USA 2012, 
109:14705-14710. 

22. Gagliano M, Renton M, Duvdevani N, Timmins M, Mancuso S: Acoustic and 
magnetic communication in plants: is it possible? Plant Signal Behav 2012, 
7:1346-1348. 



Gagliano and Renton BMC Ecology 2013, 13:19 
http://www.biomedcentral.eom/1472-6785/1 3/1 9 



Page 6 of 6 



23. Gagliano M, Mancuso S, Robert D: Towards understanding plant 
bioacoustics. Trends Plant Sci 2012, 17:323-325. 

24. Gagliano M: Green symphonies: a call for studies on acoustic 
communication in plants. Behav Ecol. doi:10.1093/beheco/ars206. in press. 

25. R Development Core Team: R: A language and environment for statistical 
computing. [R Foundation for Statistical Computing; http://vwvw.R-project.orgA 

26. Bates D, Maechler M, Bolker B: Lme4: Linear mixed-effects models using 54 
classes. [R package version 0.999375-41 available at http://CRAN.R-project. 
org/package=lme4]. 

27. Crawley MJ: The R Book. Chicester: Wiley; 2007. 

28. Burnham KP, Anderson DR: Model selection and multimodal inference: a 
practical information-theoretic approach. New York: Springer-Verlag; 2002. 



doi:1 0.1 186/1472-6785-13-19 

Cite this article as: Gagliano and Renton: Love thy neighbour: facilitation 
through an alternative signalling modality in plants. BMC Ecology 2013 

13:19. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit momea central 



